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Abstract We examined the in uence of process variation on
device performance of the optimized 10-nm FinFET device using
a fully self-consistent quantum mechanical transport simulator
based on the contact block reduction method. Sensitivity of the
on-current, leakage currents, threshold voltage, drain-induced
barrier lowering, and subthreshold swing for the optimized
FIinFET to process variation at room temperature have been inves-
tigated. Subthreshold source-to-drain leakage current is found to
be the most sensitive parameter to process variation. Gate leakage
current has been analyzed for both poly-Si gates and gates with
the work function of 4.35 eV. For poly-Si gates, the gate leakage is
found to in uence the subthreshold swing below or at a gate oxide
thickness of 1 nm. Device performance has also been analyzed at

slow process corner to estimate the worst case degradation in
performance matrices of the considered nano-FinFET.

Index Terms Contact block reduction (CBR) method, FinFET,
process variation, quantum transport, slow corner analysis.

l. INTRODUCTION

S WE APPROACH 22-nm node technologies, different

novel device structures have been evolved to overcome
the scaling limits of conventional bulk MOSFETs. Among
these structures, FInFETSs [3], [4] are expected to be in mass
production beyond 32-nm node technology in the near future
[5]. Naturally, these ultrascaled semiconductor devices may be
very sensitive to process variation. Even a small decrement
in the gate oxide thickness can lead to such gate leakage that
is unacceptable for a well-performing device. Therefore, once
the general device optimization phase is completed, it is also
very important to analyze the impact of process variation on
device performance so that robust functioning of the devices
can be ensured for applications. There are already a number
of publications focusing on the impact of process variation in
ultrascaled devices. In [6], the effects of process variation on
threshold voltage, drain-induced barrier lowering (DIBL), and
subthreshold swing and the effect of mismatch in gate oxide
thickness on the device behavior of a 20-nm double-gate (DG)
FET and FinFET have been presented by using Monte Carlo
simulation and including quantum effects by density gradient
method. The effects of bottom gate misalignment in symmetric
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DG MOSFETs are examined in [7]. In addition, the allowable
bottom gate misalignment of very deep-submicrometer devices
due to process variation is studied in that work. Very recently,
the impact of process variation on device performance and a
comparative study of process variation tolerance among bulk
MOSFET, FinFET, and nanowire/nanotube FETS have been
presented in [8].

In this paper, we investigate the fluctuation in performance
due to process variation in the optimized FinFET, which we
theoretically studied by using our fully quantum-mechanical
contact block reduction (CBR) simulator in [1]. In this paper,
we do not include parasitic source/drain series resistance in
our simulation. Simulation results presented here are obtained
by using effective mass approximation and quantum ballistic
transport formalism with electron—electron interaction that is
taken into account by using the exchange and correlation
terms in LDA approximation [2]. No scattering on phonons
is accounted for in this paper. The latter approximation was
necessary to perform a large number of simulations within
a reasonable time; yet, we believe that it did not introduce
a significant error since in the considered ultrascaled device,
phonon scattering accounts for only about 10%-15% of the
on-current degradation [1] (similar results were obtained in
other recent nano-FinFET study [9]). In addition, in ultrascaled
devices, phonon scattering seems to affect mostly the value of
on-current, without introducing any significant correction to the
electron density or subthreshold current [10]. This essentially
allows one to perform ballistic quantum simulations, introduc-
ing, if necessary, the correction for phonon scattering in the
final values of on-current. The main purpose of this paper is
to analyze on-current, leakage, etc., degradations due to the
process variation in the FInNFET’s geometry parameters.

The nominal n-type FinFET structure considered in this
paper is a 10-nm DG device with a fin width of 4 nm and a
gate oxide (SiO) thickness of 1 nm. Source/drain doping of
10%° cm 3 has been used with a doping gradient of 2 nm/dec
across the underlap region on each side of the gate. Uniform
dopings of 10*® and 10%° cm 3 have been assumed for the
body and gate electrodes, respectively. Note that we use a
continuous model of doping in source/drain and gates. Here,
we investigate the sensitivity of the on-current lon (Ips at
Ves = Vps = Vq4q, Where Vyq is the power supply voltage),
the subthreshold source-to-drain leakage lsq jeak (Ips at Vas =
0 V, Vps = Vqgq), the net gate leakage (Ig = lgs + lep)
currents (for electrons only), the saturation threshold voltage
Vih,sat, the DIBL, and the subthreshold swing (“swing”) in the
optimized FinFET to process variation at room temperature
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TABLE |
SIMULATION RESULTS DUE TO THE PROCESS VARIATION IN FIN WIDTH
tsi AND GATE OXIDE THICKNESS tox. THE VALUES AT THE FIRST ROW
CORRESPOND TO THE NOMINAL DEVICE. GREEN COLOR (ITALIC FONT)
REPRESENTS THE IMPROVEMENT IN THE DEVICE PERFORMANCE,
RED COLOR (BOLD FONT) REPRESENTS THE DEGRADATION IN THE
PERFORMANCE, AND BLUE COLOR (UNDERSCORED FONT)
CORRESPONDS TO THE NOMINAL OR NEAR NOMINAL VALUES

Combination lon Swing Lsgiear | DIBL | Vi ot
(uA/pum) | (mV/dec) | (pA/pum) | (mV/V) | (mV)

tg;=4.0nm, t,,=1.0nm | 3584 76 0.75 46 | 140
t,;=4.0nm, ¢,,=08nm | 3778 79 0.52 39 150
lg;=4.0nm, {,,=12nm | 3493 82 1.15 53 130
tg;= 3.6 nm, {,,=1.0 nm 3559 73 0.44 4] 156
lg;= 3.6 nm, ¢,,=0.8 nm 3730 74 0.34 32 160
tg;=3.6nm, {,,=12nm | 3443 76 0.63 50 | 150
tg;=4.4nm, {,,=1.0nm | 3692 84 1.33 53 123
tg;=44nm, {,,=08nm | 3864 80 0.84 45 | 133
tg;=4.4nm, £, =1.2nm | 3480 88 2.06 62 116

of 27 C. The device performance has also been analyzed
at slow process corner (high operating temperature and low
power supply voltage) to estimate the worst case degradation
in performance.

Il. PROCESS VARIATION

In order to examine and compare device performance due
to process variation, we vary fin width tsj and gate oxide
thickness tox as individual parameters and also as different
combinations of both. In addition, doping gradient and gate
length, along with the relative position of the gates with respect
to source/drain, have been varied. For each case, we compare
different important performance matrices.

A. Variation in Fin Width and Gate Oxide Thickness

In FinFETS, the fin width ts; plays a major role in controlling
the device behavior. In the simulation, tg; is varied by 10%
from its nominal value of 4 nm. The gate oxide thickness
tox is varied by 20% from its nominal value of 1 nm. We
think that this 20% variation due to the process variation is a
reasonable assumption for a gate oxide thickness of 1 nm since
a monolayer is roughly on the order of 2 A. Note that, in this
paper, we are not simulating surface roughness at the Si/SiO,
interface to examine the impact of random local variations in
gate oxide thickness; instead, we are concentrating on the worst
case scenario that might occur due to the process variation:
the average oxide thickness’ deviation from its nominal value.
A detailed study of the impact of surface roughness on the
device performance for the considered FinFET can be found in
our previous works [1], [11]. Table | summarizes the simulation
results for different combinations of ts; and toy due to the
process variation, and their effect on the device performance.

For a —10% change in the fin width and a —20% change in
the gate oxide thickness, the device on-current tolerance win-
dow remains between +8% and 4% of its nominal value of
3584 A/ m. The lowest value of on-current (3443 A/ m)
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Fig. 1. Transfer characteristics of the considered FinFET due to the fin-
width and gate-oxide-thickness variations, which give the highest value of
subthreshold source-to-drain leakage and the lowest value of on-current at
Vps = 0.8 V.

occurs for a combination of the narrow fin width of 3.6 nm and
the thick gate oxide of 1.2 nm. On the other hand, a combination
of the wide fin of 4.4 nm and the thin gate oxide of 0.8 nm
results in the highest on-current value of 3864 A/ m. The
value of on-current for all other combinations of ts; and tox
remains between these two extreme values. Note that, here, all
current values are normalized by the fin height [1] instead of
the “conventional” 2 fin height. Table | demonstrates the fact
that the best “alternative” to the nominal device would be a
device with even narrower fin width and gate oxide thickness.
However, reducing the former inevitably causes some decrease
in on-current, and reducing the latter, while significantly im-
proving the device characteristics, is only possible with the use
of alternative (high-k) gate dielectric materials due to excessive
gate leakage.

Fig. 1 shows the transfer characteristics at Vps = 0.8 V for
the nominal device and due to the process variation for such
combinations of ts; and tox, which provide the lowest 1oy and
the highest lsq eak. Subthreshold source-to-drain leakage
current lsq 1eak Nas been reported to be more sensitive to the
fin width than to the gate oxide thickness [12], which is also in
agreement with our simulation results. For a 10% increase in
fin width from its nominal value of 4 nm, lsq jeak iNCreases by
77% from its nominal value of 0.75 A/ m, whereas even for
a 20% increase in gate (both front and back) oxide thickness
from its nominal value of 1 nm, lsq jeak iNcreases by 53% from
its nominal value. However, a simultaneous combination of the
wide fin of 4.4 nm and the thick gate oxide of 1.2 nm yields
the worst value of lsq jeak, 1.€., 2.06 A/ m, which is about an
increase of 175% from the nominal value. Thus, a variation in
tox is also significantly affecting lsq jeak-

Due to the close proximity of gate and drain contact in
nanoscale devices, the DIBL plays a very important role in
controlling the device behavior. In this paper, the DIBL is
calculated at the drain-to-source current value of 50 A/ m. As
shown in Table I, DIBL is very sensitive to the variations in both
tsi and tox for the considered FinFET. It is interesting to note
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that changes in DIBL values due to 4-A variation in ts; and 2-A
variation in tox are identical or very close, as given in Table I.
This indicates that for DG devices with thin body, DIBL may
be roughly represented as a function of the physical distance
between two gates tgist = 2tox + tsi rather than the individual
contributions of tsj and tox. Thus, the effective gate control
should be at minimum for the highest values of tgjst, With the
widest fin and the thickest gate oxide. This is consistent with
the worst DIBL value of 62 mV/V (Table 1), which is obtained
for tsi = 4.4 nmand tox = 1.2 nm.

Threshold voltage in nanoscale devices is mainly deter-
mined by the gate work-function adjustment [13]. Besides that,
for narrow fin-width FinFETSs, threshold voltage is dominated
by fin width ts;, as opposed to the conventional bulk MOSFET,
where tox plays the dominant role in determining the threshold
voltage. In this paper, the saturation threshold voltage has been
calculated as the gate voltage for which the corresponding drain
current reaches 50 A/ m (or 500 nA  Wg/Lg4, where Wy
is the height of the gate [16]) at Vps = 0.8 V. There is a
concern that in devices with very narrow fin, the threshold-
voltage variation caused by fin-width fluctuations may become
very significant due to quantum-mechanical effects (see, for
example, [14] and [15]). In our previous work [1], we have
chosen a fin thickness of 4 nm in an attempt to minimize
these fluctuations while maintaining a good gate control over
the channel. We see in Table | that saturation threshold volt-
age varies by approximately 10% from its nominal value of
140 mV due to the process variation in tsj and tox. Thus, the
threshold-voltage fluctuations may not be a concern at least
for 4 nm and higher fin-width devices. Note that for a fixed
gate oxide thickness, the threshold voltage increases as the
fin width is reduced [17]. This is caused by the energy level
guantization, which increases the effective energy band gap
for narrow fin devices. In addition, Table | demonstrates that
for the considered device, the threshold voltage also increases
when the gate oxide thickness is reduced. This happens due to
a particular choice of the device gate work function. The gate
work function for the nominal device [1] has been chosen to set
the off-current, which puts the device into weak accumulation
regime at Vgs = 0 V. For a thin gate oxide, the bending of
the conduction band at the Si/SiO, is higher than that for a
thick gate oxide. Therefore, with a thin gate oxide, one needs
to apply higher gate voltage to bring the device into inversion.
Consequently, the threshold voltage increases with decreasing
gate oxide thickness for the considered device.

Gate leakage is becoming an increasingly important issue
in optimizing device performance, as the scaling of gate oxide
(Si0y) thickness is approaching 1 nm [18]. One of the greatest
advantages of the CBR method [19] is its ability to treat the
gates on the same physical ground as the source and drain leads,
allowing one to calculate the gate leakage current accurately
and fully self-consistently with the rest of the device [2].
The gate leakage current strongly depends on the accurate
description of the gate material (i.e., effective masses and
dielectric constant). Since properties of gate material with the
work function ¢ = 4.35 eV used for the considered FinFET
[1] are still not known, in this paper, all the leakage data are
obtained by using effective masses of Si for the gates. In the
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Fig. 2. Net gate leakage versus gate voltage with ts; = 4.4 nm and tox =
0.8 nm for poly-Si and “adjusted” gates at Vps = 0.8 V. Voltage labels ( 0.35
and 0.45) shown below the horizontal axis correspond to the applied gate
voltages for poly-Si gates.

case of the “adjusted” gates with g = 4.35eV, we are shifting
the conduction band in the gates to comply with the chosen
gate work function. The poly-Si gates are simulated “exactly”
(within the utilized effective mass Hamiltonian description)
since its material parameters are known.

The magnitude and trend of gate leakage for poly-Si gates
is completely different than that for “adjusted” gates, due to
the difference in gate Fermi levels with respect to source and
drain Fermi levels. Fig. 2 shows the net gate leakage current
as the gate voltage varies for a combination of ts; and to,
which gives the worst OFF-state gate leakage for both poly-
Si and “adjusted” gates at Vps = 0.8 V. Voltage labels ( 0.35
and 0.45) shown below the horizontal axis correspond to the
applied gate voltages for the poly-Si gates. One can see a very
significant difference (50 ) in the maximum OFF-state gate
leakage current values between the poly-Si gate (with no work
function adjusted) and the gates with work function adjusted. In
the following, we will present gate leakage data for the device
with “adjusted” gates only.

Fig. 3 shows the absolute values of oFrF-state (Vps =
0.8 V,Vgs = 0 V) gate leakage for different combinations of
tsi and tox. As expected, the gate leakage increases exponen-
tially with the decrease in tox. However, it is also possible
to reduce the OFF-state gate leakage by scaling down the fin
width (for a fixed gate oxide thickness), as shown in Fig. 3.
It is interesting to note that in the considered case of 10%
fin reduction, the corresponding degradation in on-current is
insignificant, which is less than 1% from its nominal value
of 3584 A/ m. Therefore, to minimize the gate leakage in
ultrascaled devices, one should also consider, when possible,
the reduction of Si channel width in addition to the use of
alternative (high-k) dielectrics.

The gate-to-drain and gate-to-source leakage current compo-
nents are shown in Fig. 4 as the functions of gate voltages for
different values of ts; with tox fixed at 1 nm. Reducing the fin
thickness decreases the absolute value of the OFF-state gate-to-
drain—current (due to the increased energy level separation in
the channel) and increases the ON-state gate-to-source current
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Fig. 3. Absolute values of the oFrF-state “adjusted” gate leakage current in
nanoamperes per micrometer for different combinations of tsj and tox.
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Fig. 4. Different components of gate leakage current as functions of gate
voltage for fin widths of 3.6, 4, and 4.4 nm with a gate oxide thickness of
1nmatVps =0.8V.

value (due to the increased uncertainty in the momentum). Note
that in OFF-state, electrons tunnel from gates to drain, whereas
in ON-state, electrons tunnel from source to gates.

The subthreshold swing in Table | is calculated at Vps =
0.8 V. It is important to mention that in calculating the sub-
threshold swing, we used the value of drain terminal current
(Ip) which consists of the drain-to-source current (Ips) and
the gate-to-drain leakage current (Igp). Therefore, we evalu-
ated the subthreshold swing at the lowest part of the transfer
curve, where the gate-to-drain leakage is at the maximum (i.e.,
for the lowest gate voltages). For the work-function adjusted
device, the contribution of Igp is small, and the worst sub-
threshold swing value of 88 mV/dec is obtained for tsj =
4.4 nm and tox = 1.2 nm due to the weakest control of gates
over the channel for this combination. However, the inclusion
of Igp into I significantly changes the situation when poly-
Si gates are considered. In the case of poly-Si gates and when
the gate oxide thickness is reduced to 0.8 nm, Igp becomes
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large enough to be comparable to Ips and, thus, significantly
affects the device turn-off behavior. Our simulations show that
the worst subthreshold swing value of 180 mV/dec is ob-
tained for a combination of ts; = 4.4 nm and tox = 0.8 nm for
poly-Si gates.

Overall, Table | shows that performance metrics of the
considered ultrascaled FInFET can be divided into two main
categories, regarding their sensitivity to the process variation in
tsi and tox, namely: 1) those that are predominantly affected
by tox fluctuations and 2) those that can be described by the
fluctuation of the “physical distance” between the gates tgist =
2tox + tsi. The oxide-thickness-sensitive parameters are the
on-current and the subthreshold swing (in the case of poly-Si
gates). The parameters that are sensitive to variations in the
physical distance are the subthreshold source-to-drain leakage
current, the DIBL, the threshold voltage, and the subthreshold
swing (in the case of “adjusted” gates).

B. Gate Length and Its Placement Variation

One of the major advantages of FinFETSs is that gates are
automatically aligned with each other and with source and drain
[20]. As a result, parasitic capacitance due to gate misalignment
is negligible, and gate capacitances are symmetric with respect
to the channel in FinFET devices. Therefore, we only investi-
gate the device performance for a —12% variation in the phys-
ical gate length of the nominal device Ly nom from its value
of 10 nm, assuming that the gates are perfectly aligned. We
take into account both the symmetrical and asymmetrical gate
length variations, assuming that, for the same device length, the
total change in gate length Ly can be distributed on the source
side ( Lgs) andthedrainside ( Lgg)sothat Lg = Lgs+

Lga and that the resulting physical gate length of the device
under process variation is Lgpy = Lgnom + Lg. Symmet-
ric distribution ( Lgs = Lga = Lg/2), asymmetric dis-
tribution on the source side ( Lgs= Lg, Lga =0), and
asymmetric distribution on the drain side ( Lgs =0, Lgq =

Ly) have been examined. In this paper, the change in gate
length due to the process variation is simulated, assuming a
constant device length and fixed doping distribution and only
changing the relative position of gates.

Table 1l summarizes the change in device performance due
to the change in gate length and its relative position caused
by process variation. As can be seen from simulation results,
the device on-current varies over a range of approximately
—16% from its nominal value of 3584 A/ m for a —12%
variation in gate length, considering both the symmetrical and
asymmetrical distributions of Lg. Overall, Table Il shows
that the on-current is primarily affected by the gate length
variation on the source side. A 12% reduction in gate length
asymmetrically distributed on the source side gives the smallest
on-current of 3053 A/ m, whereas a gate length increase of
12% asymmetrically distributed on the source side yields the
largest on-current of 4276 A/ m. On the other hand, the OFF-
state gate leakage is primarily affected by the variation of gate
length on the drain side. The highest value of net gate leakage
16.75 nA/ m is obtained when the gate length is increased
by 12% on the drain side, and the lowest value of the gate
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TABLE I
SIMULATION RESULTS DUE TO THE CHANGE IN PHYSICAL GATE LENGTH OF THE NOMINAL DEVICE Lg,nom BY Lg CAUSED BY PROCESS VARIATION

TABLE 1l
SIMULATION RESULTS DUE TO THE CHANGE IN DOPING GRADIENT CAUSED BY PROCESS VARIATION

leakage 3.73 nA/ m corresponds to the gate length reduction
by 12% on the drain side. The subthreshold source-to-drain
leakage current is not sensitive to the symmetry of the gate
length variation; it is only affected by the resultant physical
gate length. When it is larger than the nominal gate length,
it improves lsq jeak down to approximately 0.46 A/ m, but
when it is smaller than the nominal gate length, it degrades
lsqleak Upto 1.28 A/ m. DIBL follows the same trend
as Isd,leak-

When the gate length is reduced by Lg, a part of the
channel becomes out of the direct gate control and, therefore,
introduces a lightly doped (highly resistive) region in series
with the channel, which may reduce the on-current. However,
this addition of equivalent series resistance is only critical when
added to the source side as it also reduces the overdrive voltage.
In this case, it increases the barrier height near the source end,
which reduces the on-current. If the additional series resistance
is added to the drain side, it very slightly reduces the peak of the
potential barrier due to the increased DIBL effect, and there-
fore, the on-current somewhat increases, as shown in Table II.
In the case of increase in Ly nom at the source side, the effective
gate-to-source underlap region decreases, thus improving the
injection rate of carriers into the channel. If the gate length is
increased at the drain side, the injection rate remains the same,
and the on-current does not improve.

C. Doping-Pro le Variation

In this paper, a doping gradient of 2 nm/dec across the
source/drain and the body has been adopted. We investigate
the device performance due to the change in doping gradient
on both the source and drain sides while keeping the total
device length, the source/drain region lengths, and the underlap
region length constant. Simulations have been performed with
a 10% increase in the doping gradient across the source/drain
and the body, which gives a doping gradient of 2.2 nm/dec.
Due to this variation, doping at the gate boundaries changes
to5 10 cm 3 from 106 cm 2 for which the device charac-
teristics is expected not to change significantly. Table I11 shows
the performance matrices due to the change in doping profile
caused by the process variation. The on-current increases for
all the cases but gains the highest increment by 10% for the
source-side gradient increase. Similarly, any increase in doping
gradient degrades lsg 1eak, With the most significant degradation
of 15% corresponding to the increment of doping gradient on
both sides. As expected, saturation threshold voltage is found
to be insensitive to the variation in doping gradient for the
considered FIinFET. As the entire body is very lightly doped,
an increase in doping gradient by 10% does not effectively
increase the charge inside the channel; therefore, the maximum
reduction in Vin sat is only about 4% from its nominal value
of 140 mV.
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